Autophagy is a mechanism by which cells degrade cellular material to provide nutrients and energy for survival during stress. The autophagy is thought to be a critical process for cancer stem (CSC) or tumor initiating cell maintenance but the mechanisms by which autophagy supports survival of CSCs remain poorly understood. In this study, inhibition of autophagy by knockdown of ATG7 or BECN1 modified the CD44 
Introduction
cells and CSCs include: capacity for self-renewal, ability to differentiate, active telomerase and anti-apoptotic pathways, increased membrane transporter activity, anchorage independence and ability to migrate (10). Due to all these characteristics, together with their relatively long life, it has been predicted that a quality control mechanism like autophagy is important for maintaining normal and cancer stem cell homeostasis (11).
We have previously reported that a subset of breast cancer cell lines enriched in the triple negative type is particularly dependent on autophagy for survival, even in nutrient rich conditions. We found that in these cells, autophagy regulates survival through modulation of STAT3 activity, which is often activated in TNBC (12). The IL6/ STAT3 pathway has been shown to be important for TNBC xenograft growth and breast CSC maintenance (13, 14), STAT3 activity is known to be regulated by IL-6 paracrine signaling in breast cancer cell lines (15) and autophagy was recently shown to modulate cytokine secretion and invasion in RAStransformed breast cancer cells (16) . Here, we found that gene-set enrichment analysis of RNAseq data comparing autophagy-dependent and independent breast cancer cell lines revealed that the pathways most affected by autophagy inhibition were related to stem cells, secretion and epithelial to mesenchymal transition. We also show that autophagy regulates the CD44 + / CD24 low/-phenotype and mammosphere formation in both the MCF7 and MDA-MB-468 breast cancer cell lines. Importantly, although autophagy regulates IL6 secretion in both the autophagy dependent (MDA-MB-468) and independent (MCF7) cell lines, autophagy inhibition increased This identifies a mechanism by which autophagy selectively regulates CSC maintenance in autophagy-dependent breast cancer cells.
Methods

Cell Culture
All cell lines were acquired from the University of Colorado Tissue Culture Core in 2012 and had been previously authenticated by allele testing in October, 2011. After acquisition, cells were grown, frozen and each time they were thawed, they were not used for longer than 6 months. YOYO3 was added again after 72 h in culture. The growth curves were built from percent confluency measurements and the death curves represent green/ red fluorescence percent confluency acquired every 4h using a 10X objective. To verify that percent confluency was reflecting cell number, we performed similar experiments with mcherry-NLS expressing MCF7
and MDA-MB-468 cells treated with Cell Event Caspase 3-7 Green detection reagent. For these experiments, growth curves show nuclear count and death curves represent green object count per well. To normalize for cell number, the area under the curve (AUC) for both growth and death curves was calculated using GraphPad Prism 6.04. For single-cell mammospheres, mcherry-NLS expressing MCF7 and MDA-MB-468 cells were transduced with either non-silencing, ATG7, or BECN1 shRNAs. Cells were selected and scraped from the dish with 0.25% trypsin which was neutralized immediately with complete Mammocult medium (StemCell Technologies). Cells were then centrifuged and resuspended in flow sorting buffer (1 mM EDTA, 25mM HEPES pH 7.0, 1% FBS, PBS) and sorted in a Moflo XDP 100 cell cytometer (Beckman Coulter, Inc.) to a 96 well plate ULA (ultra-low attachment) dish (Corning) containing complete Mammocult media (Stem Cell Technologies), one cell per well. Spheres were allowed to grow for 7 days after which the number of spheres was assessed in a Zeiss Axiovert 200M fluorescence microscope. A sphere was considered as such when it contained more than three cells (with red nuclei).
For the other mammosphere experiments, cherry-NLS expressing cells were prepared similarly.
After scraping, trypsin was neutralized with Mammocult media and 1,000 cells were plated per well in 24 well ultra-low attachment dishes (Corning) containing Mammocult. Plates were imaged in an Incucyte system using whole-well imaging for 72h. Results show percent confluency of red fluorescence at the indicated times. For conditioned media, MDA-MB-468 cells were plated in ULA dishes containing complete Mammocult media at a density of 10,000 cells per mL and allowed to grow for 3 days. Medium was collected, centrifuged and used for the experiments. IL6 (eBioscience) was added at a concentration of 500 pg/mL at the same time the cells were plated. For transduction, cells were treated with polybrene (Sigma, 8 g/ml) before virus addition. Cells were selected with puromycin (1 g/mL for MCF7 and 0.5 g/mL for MDA-MB-468 cells) according to a dose-response curve for 2-3 days, then tripsinized and used for experiments.
For mammosphere experiments, lentiviruses containing the pLJM-cherry-NLS-BSD were prepared similarly. Cells were transduced, selected with blasticidin (10 g/mL) and sorted for the high (top 15%) fluorescent population in a Moflo XDP 100 cell cytometer (Beckman Coulter, Inc.).
RNA sequencing
Three independent samples of MCF7 and MDA-MB-468 cells were transduced with lentiviruses containing either non-silencing or ATG7 shRNAs, selected and total RNA was extracted using RNeasy kit (QIAGEN). cDNA libraries were constructed for each sample using the TruSeq mRNA sample preparation kit # RS-122-9400 (Illumina). For each cell line, the six independently and uniquely indexed libraries (three samples for non-silencing and three for ATG7 kd) were pooled and loaded onto a single lane of an Illumina HiSeq2000 flow cell yielding single-pass 100-bp reads. The resulting sequence from the 12 cDNA libraries yielded were subjected to removal of low-quality bases [Phred score <15] using a custom Python script.
The remaining sequences were mapped to the human genome (hg19) using GSNAP (17, 
Flow cytometry
For autophagic flux analysis, retroviruses expressing pBabe-GFP-cherry-LC3 (construct was a gift from Dr. Debnath's lab at UCSF) were made using GP2-293 cells transfected with pBabe GFP-cherry-LC3 and pVSV-G plasmids using TransIT-LT1 (Mirus) transfection reagent. After 
Protein Isolation and Western Blots
Cells were washed with PBS and lysed with RIPA buffer containing protease inhibitor cocktail (Roche). Protein was quantitated using Bradford reagent. 10-20 g of protein were loaded in a SDS-PAGE and PVDF membranes were probed with anti-LC3 (Novus-Biologicals, NB100-2220), ATG7 (Cell Signaling, 2631) or actin antibodies (Sigma, A5441). Blots were developed using an Odyssey Fc Imaging System (LI-COR Biosciences) with Image Studio Ver 4.0 software.
IL6 ELISA
Medium from cells expressing non-silencing, ATG7 or BECN1 shRNAs was collected 2 days (for MDA-MB-468) or 3 days (for MCF7) after plating. 25 L were analyzed in an IL6 High Sensitivity ELISA plate (eBioscience Cat. BMS213HS) and quantified according to an IL6 standard curve.
Statistical Analysis
Statistical differences were determined using a two-sample equal variance Student's t-Test.
Results and Discussion
We previously showed that breast cancer cell lines display a markedly different sensitivity to inhibition of autophagy with one group of breast cancer cell lines, enriched in the triple negative type, highly dependent on autophagy for survival even in nutrient rich, unstressed conditions while other tumor lines display only modest growth delay when autophagy is inhibited in the same conditions (12). We sought to investigate more about the mechanisms related to this autophagy-dependency with two different breast cancer cell lines: MCF7 and MDA-MB-468. The former being independent of autophagy and the latter, one of the cell lines that was amongst the most dependent on autophagy for survival in the unstressed state (12).
When autophagy was inhibited in MCF7 cells with ATG7 and BECN1 shRNAs, the cells proliferated slower (when measured as percent confluency) but did not show increased cell death as measured by caspase 3/7 activity ( Fig. 1A and B) . On the other hand, when autophagy was inhibited in MDA-MB-468 cells, proliferation was impaired and a significant amount of cell death was observed, both when compared to their non-silencing controls (Fig. 1A) and to autophagy-impaired MCF7 cells (Fig. 1B) . Since MCF7 cells are caspase 3 deficient, cell death was measured with two different methods, with a fluorogenic caspase 3-7 substrate and with YOYO3 staining, a fluorescent dye with high affinity for nucleic acids that can only enter cells with permeable plasma membranes. Both measurements showed a significantly higher amount of cell death in autophagy-impaired MDA-MB-468 when compared to MCF7 cells, supporting our previous observations that MDA-MB-468 cells are autophagy dependent and MCF7 autophagy independent. Similar results were found when using nuclear count to measure cell number in combination with the caspase 3-7 substrate ( Supplementary Fig. 1 ).
To further understand the different effects of autophagy inhibition in these cells, we performed RNA sequencing in both cell lines following autophagy inhibition with ATG7 shRNA. Western blot analysis of matched protein samples showed that starvation-induced autophagy was decreased to similar levels in both cell lines (Fig. 1C) . Moreover, the fold change decrease in ATG7 mRNA was similar in both sets of samples, suggesting a similar decrease in autophagy (Fig. 1D) . QC results are shown in Table 1 Fig. 2 ). GSEA analysis of the RNA seq samples showed that many of the pathways affected after autophagy inhibition in both cell lines were related to cytokine secretion, EMT and stem cells (Supplementary Table 3 To determine if the decrease in CD24 staining after autophagy inhibition was associated with changes in the stem cell pool, we performed single-cell mammosphere experiments.
Mammospheres are a good model for stem cell culture and maintenance since they are able to maintain mammary stem and progenitor cells in a relatively undifferentiated state (10). Both MCF7 and MDA-MB-468 cells showed decreased single cell mammosphere formation upon inhibition of autophagy with shRNAs after 7 days in culture and this decrease was more important in MDA-MB-468 cells (Fig. 3A) suggesting that autophagy is indeed important for CSC maintenance in both cell lines but it is particularly important in MDA-MB-468 cells.
Since our RNAseq results suggested that autophagy inhibition caused changes in chemokine secretion and since IL6 has been shown to be important for CSC maintenance (14), we assessed IL6 secretion in these cell lines. Autophagy inhibition with ATG7 or BECN1 shRNAs affected IL6 concentration in the media of both cell lines (Fig. 3B) . Surprisingly however, autophagy 14). Therefore, we studied whether autophagyregulated IL6 secretion was responsible for the decrease in mammosphere formation in autophagy-impaired MDA-MB-468 cells. To continuously quantify mammosphere formation we used a time lapse imaging system and nuclear mcherry expressing cells. We found a similar decrease in mammosphere number in ATG7 shRNA expressing MDA-MB-468 cells with this method (Fig. 4A ) than with the single-cell mammosphere experiment (Fig. 3A) . IL6 treatment or conditioned media from non-transduced cells increased mammosphere confluency in autophagyimpaired MDA-MB-468 cells after 72 h in culture (Fig. 4B and Table 2 
the other hand, the inhibition of autophagy could increase IL6 production and thus possibly induce undesirable effects in autophagy-independent cells like the MCF7 cell line. The first clinical trials where deliberate autophagy inhibition has been attempted in cancer patients are starting to be reported (34-39) and ongoing trials in breast cancer patients are taking place.
Therefore our findings underscore the need for a thorough understanding of the effects of autophagy and its inhibition in different types of breast cancer and emphasize the need to develop a selection strategy to determine in which breast cancers autophagy should be targeted for an effective therapy and to avoid potential unwanted effects. Flux was determined by the mcherry/GFP ratio due to quenching of the GFP signal in the acidic lysosomal lumen. Cells with a high mcherry/GFP ratio (high number of autolysosomes, low number of autophagosomes) were gated for high autophagic flux whereas those with a low ratio (low number of autophagosomes, high number of autophagosomes) were gated for low flux.
Gates were set so that they would include 20% of the population and the medium gate has the same median as the population. Cells with high and low autophagic flux show a differential distribution in the CD44/24 dot plots (A). Also, autophagy was inhibited with ATG7 or BECN1 shRNAs and CD44/24 staining was evaluated (B). NS = non-silencing shRNA. The figure shows one representative image of three independent experiments. transduced cells that had been previously grown as mammospheres for 3 days. Graphs in A and B show the mean +/-SE of three independent experiments, ** = p < 0.01. Table 1 . Total raw sequence reads and mapped reads per sample for the RNA sequencing data. 
